and I avg ) were analyzed. The S max , S avg , I max , I avg , and the RNFL thickness in the superior (p ! 0.05), superotemporal and inferotemporal sectors (p ! 0.01) in the glaucoma patients without a nerve fi ber layer defect (SLO) were signifi cantly thinner than in the control subjects in same age. OCT3000 measurements showed that the RNFL thickness in glaucomatous eyes with normal perimetric visual fi elds and SLO was signifi cantly thinner than the RNFL thickness in normal eyes.
Objective and quantitative measurements of the RNFL thickness can aid in the detection of early glaucoma. However, the RNFL thickness varies in normal subjects, and age and ethnicities contribute to other variations [4] [5] [6] . Thus, it is important to consider all of these factors in order to make an accurate diagnosis of glaucoma when the RNFL is used.
Optical coherence tomography (OCT) is a noninvasive, noncontact, high-resolution technique from which objective, cross-sectional images of the retina and RNFL can be obtained [7] [8] [9] . Many studies have been published on the correlation between the different visual fi eld parameters and the RNFL thickness measured by OCT, version A5.1 software (OCT1) [10] [11] [12] . The resolution of OCT with version 3.0 software (OCT3000) has improved to ! 10 m compared to between 10 and 20 m with OCT1 and OCT with version 2.1 software (OCT2000). Each measurement of OCT3000 consists of 512 individual circular A scans around the optic disc compared to 100 samples with OCT2000. Thus, the RNFL thickness can be measured with higher resolution with OCT3000. This should lead to less artifacts and more accurate measurements of the RNFL thickness.
Although scanning laser ophthalmoscopy (SLO) can also provide an accurate and reproducible subjective evaluation of the RNFL [13, 14] , the question arises whether it is as capable as OCT3000 in detecting early glaucomatous changes in the RNFL.
The purpose of this study was to examine the subclinical changes of the thickness of the RNFL in patients with glaucoma. To accomplish this, we analyzed the thickness of the RNFL corresponding to the normal superior or inferior hemifi eld, using OCT3000 and SLO, in glaucoma patients. First, the RNFL was examined with the OCT3000 and SLO, and the RNFL data corresponding to the preserved superior or inferior hemifi elds, i.e. normal perimetric hemifi elds, were analyzed. The results of OCT3000 obtained from the glaucoma patients were compared with those from age-matched control subjects. The relationship between the OCT3000-determined RNFL thickness and the SLO results was also studied.
Subjects and Methods
OCT3000 measurements were made on 153 eyes of 153 normal subjects (50 men and 103 women), and 53 eyes of 53 patients with open-angle glaucoma (17 men and 36 women). All of the normal and glaucomatous patients were Japanese and were recruited from the Department of Ophthalmology, Hamamatsu University School of Medicine or the Kyu Eye Hospital in Shizuoka City.
This study was conducted in accordance with the ethic standards stated in the 1964 Declaration of Helsinki, and informed consent was obtained from all participants after an explanation of the purpose of the study and procedures of the measurements.
All of the normal subjects were between 10 and 89 years of age and all of the glaucoma patients were between 60 and 79 years old. All of them had visual acuity of 30/40 or better, had refractive errors not exceeding 8 3 diopters (D), and no history or any evidence of intraocular surgery or laser therapy. The right or left eye was randomly selected (71 right and 82 left eyes). All subjects underwent a full ophthalmic examination, including slit-lamp biomicroscopy, and dilated slit-lamp stereoscopic biomicroscopy of the optic nerve head and RNFL.
The normal subjects had no history of glaucoma, had normal appearing optic nerve head by ophthalmoscopy, intraocular pressure ^ 21 mm Hg by Goldman applanation tonometry, normal visual fi elds, and had no pathologic condition including retinal diseases. Normal visual fi eld indices were defi ned as mean deviations and corrected pattern standard deviations within the 95% confidence limits, and the result of the glaucoma hemifi eld test within the normal limits [15] .
The glaucoma patients had all of the following characteristics. First, the patients had no other pathologic condition including retinal diseases. Second, patients had to have glaucomatous visual fi eld defects such as arcuate, Bjerrum, Seidel and/or paracentral scotoma, or nasal step on Humphrey 30-2 visual fi elds with clusters of three or more adjacent points depressed by more than 5 dB or two adjacent points depressed more than 9 dB [11] . Third, the patients had glaucomatous optic disc changes which were defi ned as a vertical cup-disc ratio of 0.6 or more and neuroretinal rim change such as peripapillary hemorrhages, notches, localized pallor, or RNFL defect. In the glaucoma group, 16 cases were diagnosed as primary open angle glaucoma and 37 cases as normal tension glaucoma (NTG). The right or left eye was randomly selected (28 right and 25 left eyes).
All of the normal and glaucomatous subjects were examined by achromatic automated perimetry and OCT3000. Achromatic automated perimetry was performed with the Humphrey Field Analyzer (HFA, Humphrey-Zeiss Systems, Dublin, Calif., USA) using program 30-2 full threshold. To be included in the fi nal analyses, the HFA data had to be reliable, i.e., no fi xation loss, and false positive and false negative not exceeding 25%.
OCT3000 was performed with the RNFL thickness protocol of the Optical Coherence Tomographer (Model 3000; HumphreyZeiss Systems). All measurements were performed by one of two trained examiners (R.A. and N.K.). The eyes were dilated with 0.5% tropicamide and 0.5% phenylephrine hydrochloride before recording the images.
Each scan consisted of 512 test points measured along a 1.7-mm radius circle on the peripapillary RNFL using a single alignment and capture. The internal fi xation technique was employed. Only images with the signal-to-noise ratio below 30 were analyzed, and those with accepted A scan below 100% were excluded. All measurements were performed three times and their average values were analyzed.
The OCT3000 program calculated a unique parameter; the 'Avg. Thickness' represents the average RNFL thickness over the entire 360°. We compared the mean of the Avg. Thickness of our normal subjects with the normative data that are included with the OCT3000. We also analyzed the relationship between age and Avg. Thickness.
We then analyzed the relationship between the results of OCT3000 and SLO measurement. In order to exclude the infl uence of age, those whose ages were between 60 and 79 years old were selected from the normal subjects and defi ned as the control group. The demographics of each of the three groups are listed in table 1 . This control group consisted of 79 eyes of 79 control subjects and the mean age was not signifi cantly different from the glaucoma group (p = 0.06; table 1 ).
The glaucoma group was made up of two groups: those in whom the inferior hemifi eld was normal (40 eyes), and those in whom the superior hemifi eld was normal (13 eyes). Only the RNFL thickness corresponding to the preserved perimetric hemifi elds was analyzed using OCT3000 and SLO.
The RNFL thickness in 6 sectors, the temporosuperior (16-45°), superotemporal (46-75°), superior (76-105°), temporoinferior (316-345°), inferotemporal (286-315°), and inferior (256-285°) sectors were used for the analysis. We also analyzed the unique OCT3000 parameters: the maximum (S max ) and average (S avg ) RNFL thickness in the superior quadrant (16-105°), and the maximum (I max ) and average (I avg ) RNFL thickness in the inferior quadrant (256-345°).
The basic principles and technical characteristics of the SLO (Rodenstock GmbH, Munich, Germany) have been described [14, 16] . Briefl y, the pupil was dilated with 0.5% tropicamide and 0.5% phenylephrine and the fundus was viewed ophthalmoscopically with an argon blue laser (412 nm). The image acquisition was set at 40°, and only well-focused and well-positioned images of the RNFL were printed with a videoprinter (Multiscan Videoprinter UP-930; Sony Inc., Tokyo, Japan).
Three well-trained experienced observers (R.A., N.K., and Y.H.) evaluated the printed images independently [3] . The observers were masked to the results of the visual fi eld tests, OCT3000 images, SLO images, and the diagnosis. If necessary, the original videotapes of the SLO images were re-examined. Only those images that were diagnosed to be altered by at least two of the observers were classifi ed as having a nerve fi ber layer defect (NFLD).
From these data, the OCT3000-determined RNFL thicknesses of the normal superior or inferior quadrant, i.e. corresponding to normal inferior or superior HFA hemifi eld of glaucoma group, were compared to the corresponding area of control subjects. Then, the glaucoma patients with normal perimetric visual fi elds in the inferior or superior hemifi eld were subdivided into two groups according to the SLO fi ndings: those with an NFLD in the quadrant corresponding to normal inferior or superior HFA hemifi eld and those without an NFLD. The OCT3000-determined RNFL thickness in the unaffected quadrants of the glaucoma patients without an NFLD were compared with the corresponding fi elds of the control subjects. We also compared the OCT3000-determined RNFL thickness in the normal inferior or superior quadrants of glaucoma patients without an NFLD with those of glaucoma patients with an NFLD.
The differences between the two groups were analyzed with non-paired t tests using SPSS for Windows, version 10.0 (SPSS Inc., Chicago, Ill., USA).
Results
The mean age ( 8 SD) of the normal subjects was 56.0 8 21.9 years, and that of the glaucoma group was 79.0 8 5.5 years. This difference was signifi cant (p ! 0.01, nonpaired t test). The average of the MD in the normal subjects was -0.1 8 0.6, and that in the glaucoma patients was -5.9 8 6.1. This difference was signifi cant (p ! 0.01).
The mean of the Avg. Thickness of the RNFL in the normal subjects was 92.5 8 12.9 m which was significantly thinner compared with the normative data of 95.9
8 11.4 m included with the OCT3000 (p ! 0.01). The thickness decreased with increasing age, and the coefficient of correlation between age and the average thickness was r = -0.395 (p ! 0.01; fi g. 1 ). The demographics of the glaucoma and control groups are shown in table 1 . The mean age of glaucoma group was less than that of the control group, although the difference was not signifi cant (p = 0.06; table 1 ).
A comparison of the OCT3000-determined RNFL thickness of the superior quadrant between glaucoma patients with normal visual fi elds in inferior hemifi eld and control subjects is shown in table 2 . In 10 eyes (25%) of the glaucoma group, the RNFL thickness in the superior sector was outside the 95% confi dence interval (CI). Similarly, the thickness of the superotemporal sector was outside the 95% CI in 20 eyes (50%) in the glaucoma group, the thickness of the temporosuperior sector was outside 95% CI in 6 eyes (15%), and the S max and S avg were outside 95% CI in 19 eyes (47.5%) and 16 eyes (40%), respectively, in the glaucoma group. A comparison of the OCT3000-determined RNFL thickness in the inferior quadrant between glaucoma patients with normal visual fi eld in the superior hemifi eld In the glaucoma group with normal inferior hemifi eld, the relationships of RNFL thickness in the superior quadrant in glaucoma patients with an SLO-determined NFLD, that of glaucoma patients without an NFLD, and that of control subjects are shown in table 2 . The mean age of the glaucoma patients in the NFLD group was younger than that of the control group, although the difference was not signifi cant (p = 0.06; table 2 ). In the 40 glaucoma patients whose inferior perimetric hemifi eld was preserved, an NFLD was found in the superior quadrant in 12 (30%) and was not detected in the other 28 patients by SLO.
Similarly, the relationships of RNFL thickness in the inferior quadrant in glaucoma patients (normal visual fi eld in the superior hemifi eld group) with the SLO-determined NFLD, that in glaucoma patients without an NFLD, and that of control subjects are shown in table 3 . In the 13 glaucoma patients whose superior perimetric hemifi eld was not altered, an NFLD was detected by SLO in the inferior quadrant in 6 (46.2%), and an NFLD was not detected in 7 patients. In this glaucoma group, statistical analysis between the group with an NFLD and the group without an NFLD was not performed because the number of patients in both groups was too small ( table 3 ).
Discussion
Both OCT1 and OCT3000 measure the RNFL thickness using the same basic principle. However, there are two major differences between the two instruments; the number of points measured and the resolution. For OCT1, the mean total thickness (0-360°) ranged from 110.7 to 120.8 m [11, 15, 17] , but with OCT3000, both the mean of the normative data of OCT3000 and the mean of the Avg. Thickness of our normal subjects were thinner than these values.
Poinoosawmy et al. [5] have reported that the average thickness of the RNFL is probably different in different ethnic populations. Most of the subjects for the normative database included with the OCT3000 were Caucasians, while all of our subjects were Japanese. This may account for the differences in means of the Avg. Thickness.
In addition, many studies have reported that the RNFL thickness decreases with increasing age [4] [5] [6] . We have also found a negative correlation between reduction of RNFL thickness and increasing age in our normal subjects. Therefore, ethnicity and age should be considered when comparing the RNFL thickness of normal and glaucomatous subjects.
Our results showed that the RNFL thickness of some glaucoma patients is decreased even though HFA showed that the perimetric visual fi elds were normal. Even when the glaucoma patients with an SLO-determined NFLD were excluded, the RNFL thickness in the remaining patients was still thinner than in the control subjects. In the perimetric normal inferior hemifi eld of the glaucoma Statistical analyses of the differences between the NFLD+ group and the NFLD-group in patients with normal visual fi eld in the superior hemifi eld were not performed because of the small number in each group.
1 Differences between controls and glaucoma patients with normal visual fi eld in the superior hemifi eld group.
group, the RNFL thickness in the patients without an NFLD was greater than that of the glaucoma group with an NFLD. A similar tendency was observed in the normal superior hemifi eld in the glaucoma group. Kondo et al. [18] used frequency-doubling technology to examine patients with NTG who did not show alterations of the hemifi elds by conventional HFA and found that 8 of 11 eyes had visual fi eld defects . In a similar type of experiment, Yamashiro et al. [19] found abnormal frequency-doubling technology results in 76.5% of patients with primary open angle glaucoma and in 74.4% of patients with NTG all of whom had normal visual fi elds by HFA. These observations indicate the existence of early glaucomatous changes that were not detected by HFA.
A discrepancy between the HFA fi ndings and the RNFL thicknesses has also been reported. Kook et al. [20] measured the RNFL thickness by scanning laser polarimetry and reported that the RNFL thickness was already decreased in glaucoma patients with normal HFA hemifi elds. These fi ndings indicated that the RNFL had already changed before visual fi eld changes became measurable by HFA. In support of these fi ndings, clinical and laboratory evidence suggest that the changes in the optic disc appearance can precede the conventional visual fi eld alterations in eyes with ocular hypertension and glaucoma [22] [23] [24] . It has also been shown that signifi cant axonal loss can precede the development of visual fi eld defects and identifi able optic disk cupping [25] .
The mean OCT3000-determined RNFL thickness of the unaffected quadrant of glaucoma patients was signifi cantly thinner than in the control subjects. More importantly, the OCT3000-determined RNFL was still thinner in the glaucoma group in which no defect was detected by SLO than in the control group. As no comparison of the OCT fi ndings was made in the pathological examination, it is diffi cult to exclude the possibility that these results are due to overdiagnosis of OCT3000. However, we assume that SLO detects NFLD only when it appears on the surface of RNFL, because of the RNFL change that already occurred only in its deeper layers. We suggest that OCT3000 can detect RNFL changes before an NFLD can be detected by HFA and SLO.
Miglior et al. [13] have classifi ed the RNFL defects into three types according to their shapes; slit defects, wedge defects, and diffuse defects. The diffuse defects are generalized rarefaction of the normal striation pattern, which appeared to blur into a uniform, dull, granular, white-gray. In these areas, the contrast of the denuded blood vessels stands out sharply. However, it is sometimes diffi cult to detect diffuse defects clinically. In our group that did not show a defect of the RNFL by OCT 3000, there is a possibility that these patients might not have been identifi ed. In either case, our results indicate OCT3000 can detect early glaucomatous RNFL thickness changes earlier than SLO.
A previous report has indicated that systemic arterial hypertension and atherosclerosis may be associated with a signifi cant loss of RNFL [25] . To evaluate this, we analyzed the infl uence of systemic hypertension and coronary heart disease on RNFL thickness, and no signifi cant relationship was observed either in the control or the glaucoma group.
In conclusion, our results demonstrated that the OCT3000-determined RNFL thickness in glaucomatous eyes with normal visual fi eld fi ndings by HFA and SLO was thinner than in normal eyes.
